The activity of a Mg2"-dependent ATPase present in highly purified preparations of Arena mitochondria was photoreversibly modulated by red/far-red light treatments. These results were obtained either with mitochondria isolated from plants irradiated with white light prior to the extraction or with mitochondria isolated from unirradiated plants only when purified phytochrome was exogenously added to the reaction mixture. Red light, which converts phytochrome to the far red-absorbing form (Pfr) depressed the ATPase activity, and far-red light reversed this effect. Addition of exogenous CaRC2 also depressed the ATPase activity, and the kinetics of inhibition were similar to the kinetics of the Pfr effects on the ATPase. The calcium chelator, ethyleneglycol-bis4fl-amino-ethyl ether)-N,N'-tetracetic acid, blocked the effects of both CaC12 and Pfr on the ATPase. These results are consistent with the interpretation that Pfr promotes a release of Ca2" from the mitochondrial matrix, thereby inducing an increase in the concentration of intermembranal and extramitochondrial Ca2+.
transduction process has received continued support. Certain responses elicited by phytochrome, including fern spore germination (34) and the modulation of the mitochondrial enzyme NADH dehydrogenase (4, 5) , can be replicated by manipulation of the external Ca 2 concentration. Furthermore, phytochromecontrolled movement of Ca2' has been shown to occur in Mougeotia (9) , Avena protoplasts (14) , and extracted plant mitochondria (29) .
These works, though few in number, strongly suggest that phytochrome, through modulation of cation fluxes across membranes, is capable of altering enzymic activity responsible for initiating developmental changes in the plant. Since it has been reported that phytochrome can modulate metabolite permeability (15) and the activity of two enzymes in mitochondria (4, 24), we felt it was possible that the activity of other mitochondrial enzymes might also be influenced by phytochrome. Calcium has been reported to alter mitochondrial ATPase activity in corn (20) and pea (12) . This report presents the findings from an examination of the effects of Ca2' and phytochrome on the mitochondrial ATPase of oats.
Based on the knowledge that certain phytochrome-mediated responses alter membrane potentials in less than 2 s, it has been suggested that one of the first events in this transduction process could be the interaction of phytochrome with biological membranes (25) . Pelletability and binding studies have demonstrated that upon photoactivation, phytochrome associates tightly with membranes (3, 33) . This association is believed to alter the permeability of the membrane thereby modifying the transmembrane potential, as work with Phaseolus, Avena, and Nitella (18, 27, 36) suggests. Often coincident with trans-membrane potential alterations is the migration of ions down their electrochemical gradients. Several studies have shown a correlation between activation of phytochrome and the movement of a cation (2, 18, 29) . The significance of this ion flux is that it provides a possible mechanism by which a secondary messenger may become involved in relaying the phytochrome signal into morphogenetic responses.
Haupt and Weisenseel (17) proposed the existence of such a transduction system in which Ca 2 concentration changes in the cytosol, modulated by phytochrome, could initiate significant alterations in enzymic activity. Their When seedlings were irradiated with white light, the source was overhead 40-w Westinghouse cool-white fluorescent bulbs, which had an irradiance of 13 Mw cm2.
Estimation of Mitochondnal Integrity and Purity. The purified mitochondria were determined to be functionally normal and intact by electron microscopy and biochemical tests described by Douce et al. (8) . For morphometric analysis, a pellet of purified mitochondria was fixed with 1% glutaraldehyde. The material was then washed, postfixed in OSO4, exposed to a 1% tannic acid mordant, dehydrated in an ethanol-acetone series, and embedded in low-viscosity embedding medium. Sections were taken through the entire pellet and eleven representative micrographs (x 4,600) were used to determine the per cent relative volume of the cellular components present using the coherent multipurpose test system as described by Weibel (35 Protein Assay. Protein was assayed by the method of Lowry et al. (22) after solubilization of the mitochondria with 5% SDS.
As a standard, BSA in 5% SDS was used.
RESULTS
Mitochondrial Preparation. The modified protocol of Day and Hanson (7) yielded mitochondria which were intact and physiologically active. The degree of outer membrane intactness was determined by the procedure of Douce et al. (8) . Utilizing this procedure, preparations were found to be consistently at least 85% intact. The mitochondria were tightly coupled as evidenced by ADP/O ratios of 1.5 to 1.7 when succinate was employed as a substrate. To ascertain the purity of the mitochondrial preparation, a morphometric study as outlined by Weibel (35) was conducted. The data from this analysis ofa standard preparation are shown in Table I . The results indicate that in spite of the manipulations carried out to fix and embed the pellet, 80% of the total area occupied by membranes in the micrographs examined was recognizable mitochondria. Microbodies, etioplasts, or fragments of etioplasts constituted 6.0% of the final preparation. The remaining 13.5% of the area was composed of micro- (Fig. 1) . In the range of 1.0 to 5.0 mM Mg2+, there was little overall change in the rate of ATP hydrolysis, but above 5.0 mm, there appeared to be a gradual decline in the rate (Fig. 1, A) . The monovalent cations K+ and Na+, unlike Mg2+, did not enhance the level of the ATPase activity present in the mitochondria (data not shown). Figure 2 illustrates the influence of pH on the rate of ATP hydrolysis. Two pH optima, 6.5 and 8.5, were observed for the oat mitochondrial ATPase. With the rise in the pH from 6.5 to 8.5, the mitochondrial suspension changed from turbid to translucent. Previous workers who have recorded the same phenomenon attributed the change to an alteration in membrane permeability (19, 21) , so pH 6.5 was thereafter employed.
In three experiments done, oligomycin (0.2 Ag/ml) caused 42%, 40%, and 37% reduction in the activity of the ATPase. Increasing the concentration of oligomycin further caused only slightly more reduction in the activity ofthe ATPase. This partial inhibition of the ATPase activity by oligomycin is in agreement with other published reports on oligomycin's effects on certain plant mitochondria (13, 23) . The respiratory uncoupler 2,4-dinitrophenol produced an increase in the activity ofthe ATPase. At 100 Mm, 2,4-dinitrophenol caused a 46% enhancement in the rate of ATP hydrolysis over that attained in the control (data not shown).
The ATPase in intact mitochondria showed a specificity for ATP as a substrate. The enzyme portion remaining in the submitochondrial particles, the F0-ATPase complex, however, was able to utilize UTP, GTP, and ITP also. In fact, the enzyme exhibited a greater rate of hydrolysis for these nucleotides than for ATP. In the case of ITP, the rate was twice that attained when ATP was supplied (data not shown).
In the absence of Mg2+, the rate of hydrolysis of ATP by intact mitochondria increased as the level of Ca2+ was raised above the background concentration of 1 gM until a concentration of proximately to the level achieved when no Ca2+ was present . I I (Table II) . As could be predicted from Figure 3 , the higher values . reached when EGTA was present is a consequence of the chelation of all Ca'+, including the background 1 ,M amount, present in the reaction solution. Phytochrome Effects. In the initial experiments to investigate phytochrome effects on the mitochondrial ATPase activity, the effects of R only and FR only were tested, using both preirradiated (Fig. 5) and dark (Fig. 6 ) mitochondria. When preirradiated mitochondria were used, the per cent decrease in ATPase activity induced by R was 3 to 5 times the small per cent decrease induced by FR (Fig. 5) . No exogenous phytochrome was needed for this response. When dark mitochondria were tested, R and .1'.
FR had essentially no effect in the absence of exogenous phyto-'K .chrome (Fig. 6A ), but in its presence, R again decreased the A, , ,
ATPase activity 3 to 5 times more than the small decrease 2 4 6 8 10
induced by FR (Fig. 6B) . In each of Figures 5 and 6 , the results TIME (min) oftwo separate experiments are shown, indicating the reproducibility ofthe relative effects of R and FR on the ATPase activity.
Kinetics of the effect of Ca2" on the Mg2e-stimulated ATPase Photoreversibility experiments were conducted to determine oat mitochondria. Each data point represents the high and whether it was possible to reverse the effect of R treatment with ecorded at each time interval. Broken bars represent points FR. In both the R followed by FR treatment and in the reverse hen only 5 mm Mg2 was present; solid bars represent values treatment, the mitochondria were exposed to a total of 4 min of hen 50 MM (a2+ was also pent.
light. The results from one of these experiments are shown in Figure 7 . Consistent with data previously presented, the control nonirradiated sample exhibited the highest rate of ATPase activately 100 uM was reached (Fig. 3) . At concentrations ity, designated here 100% activity. Further, the per cent activity iMm Ca , the rate of hydrolysis ofthe ATPase declined attained by the mitochondrial ATPase following either the R or he maximum rate of ATPase activity obtained when FR irradiation was comparable to that shown in Figure 5 . In the idded was considerably less than that exhibited by the photoreversibility tests, FR significantly reversed the effects of then Mg2" was the only divalent cation present; ap-R, and R significantly reversed the effects of FR on the ATPase ly 9 to 16% ofthat observed with just Mg2'. When the activity (Fig. 7) . ,entration was set at 5.0 mm, the addition of increasing Time courses of the rate of ATP hydrolysis for nonirradiated )f Ca2' caused a continued reduction in the level of and irradiated mitochondria are shown in Figure 8 . In each ctivity (Fig. 3) . This depression in the activity was instance, the only divalent cation present in the assay medium crom the zero Ca3) value obtained by adding 1 mM was 5.0 mM Mg2-, and the irradiations were 3 min. A distinction the reaction solution to the highest concentration in the rate of ATP hydrolysis between the control nonirradiated O MeMCac (Fig. 3) . The levels of activities attained sample and the red-irradiated sample was discemable prior to + was held constant (50 ,M) and the concentration of the 5 min time point. The red-irradiated sample which had 1.0 varied were lower than those achieved when only equal mM EGTA added 5 min after the irradiation had begun, exhibited tions of Mg2+ were used (Fig. 1, B) . The kinetics of a rate of hydrolysis comparable to that of the red-irradiated ,gM) effects on the Mg2+-dependent ATPase are pre-sample lacking EGTA. Conversely, if the EGTA was present in Figue 4 .Ther wa a lg peiod f btwee 4 ad 6 the mitochondrial suspension prior to the irradiation, the rate of Figure 4 There was a lag period of between 4 and 6 ATP hydrolysis followed that recorded from the nonirradiated nts carried out with EGTA verified this observation When EGTA was added to a reaction mixture that Mg2+ and Ca2+ 6 min after the reaction was initiated, DISCUSSION t negate the Ca2-induced reduction in the level of Vierstra and Quail (32) found that photoconversion of phytohe presence of Ca2+ in the solution for 6 min prior to chrome to the Pfr form prior to extracting it from etiolated oats (Table II) . contained it did nol activity. T the 95% confidence level as determined by nonpaired I tests. helped maintain it as a larger and presumably more native 124,000 D form. It is possible, then, that the endogenously bound phytochrome associated with preirradiated mitochondria in this study was the 124,000 D form. The exogenous phytochrome was comprised mainly of 118,000 D phytochrome. But (30) , it is possible that some 124,000 D phytochrome was present in the population ofexogenous phytochrome molecules used. This study, then, does not rigorously determine whether the peptide removed in the degradation of 124,000 D phytochrome to 118,000 D phytochrome is required for the ATPase effects shown here.
The apparent physical disruption of oat mitochondria by pH 8.5 conditions made this pH unacceptable for the physiological studies with phytochrome. But by choosing the pH 6.5 optimum (Fig. 2) , we risked obscuring the identity of the ATPase being assayed, since the ATPase of plasma membrane-enriched membranes also has a pH 6.5 optimum (10 The hypothesis that phytochrome can act through its regulation of a secondary messenger, Ca> (17, 29) , is supported by this study. When examined under comparable conditions, phytochrome in its Pfr form and externally added Ca> induced a similar response in the activity of the ATPase, i.e. inhibition. The effect of both Ca> and Pfr, respectively, on the Mg2-dependent ATPase can be negated if EGTA is added to the mitochondrial suspension prior to the introduction of these agents to the reaction. Conversely, if the Ca> chelator is added 6 min after the mitochondria have been exposed to the Ca> or after phytochrome has been converted to Pfr, inhibitory effect of Ca> or Pfr on the Mg2+-dependent ATPase activity is still observed. In line with these findings are the results obtained from the ATP hydrolysis time courses (Figs. 4 and 8) . The time course for the Ca2-induced reduction in ATPase activity showed this effect was detectable only after a 4-to 6-min delay period.
Similarly, there is at least a 2-min delay after the termination of a 3-min irradiation before the effect of the photoconversion of phytochrome to Pfr is seen as a reduction in the rate of ATP hydrolysis.
The ability of exogenous Ca> and photoactivated photochrome to produce the same effect on the mitochondrial ATPase under the varied experimental conditions tested suggests that Pfr promotes a release of Ca> from the mitochondrial matrix. This conclusion is consistent with the results of Roux et al., who reported spectrophotometric measurements (using a Ca>2 indicator dye) of Pfr-induced release of Ca> from oat mitochondria (29) .
Work carried out on another mitochondrial enzyme also supports this inferred direction of Ca> movement. The mitochondrial enzyme, NADH dehydrogenase which is located on the outer surface of the inner membrane, also responds similarly to exogenous Ca> and to Pfr but in this case the response is stimulation. Cedel and Roux (3) have shown that the activity of
